Gold is one of the most widely used metals for building up plasmonic devices. Although slightly less efficient than silver for producing sharp resonance, its chemical properties make it one of the best choices for designing sensors. Sticking gold on a silicate glass substrate requires an adhesion layer, whose effect has to be taken into account. Traditionally, metals (Cr or Ti) or dielectric materials (TiO2 or Cr2O3 ) are deposited between the glass and the nanoparticle. Recently, indium tin oxide and (3-mercaptopropyl)trimethoxysilane (MPTMS) were used as a new adhesion layer. The aim of this work is to compare these six adhesion layers for surface-enhanced Raman scattering sensors by numerical modeling. The near-field and the far-field optical responses of gold nanocylinders on the different adhesion layers are then calculated. It is shown that MPTMS leads to the highest field enhancement, slightly larger than other dielectric materials. We attributed this effect to the lower refractive index of MPTMS compared with the others.
Introduction
The Surface Enhanced Raman Scattering (SERS) is based on near-field enhancement of the electric field which probes the molecules in vicinity of the sensor. Therefore the most common way to improve the sensitivity of SERS setup is to excite the localized surface plasmon resonance (LSPR) of nanoparticles of noble metal. One of the most widely used metals is gold due to its high conductivity, malleability and ductility. It suffers from a slightly smaller Q-factor than silver [1] but its chemical properties make it good for building up sensors. Gold is chemically inert in aqueous environment and can be easily functionalized as it creates strong chemical bonds to moieties such as thiol or disulfide [2] . However, it adheres poorly to silicate glass. An adhesion layer is then required. The most widely spread materials are metal such as chromium or titanium and metal-oxide such as TiO 2 or Cr 2 O 3 .
Indium Tin Oxide (ITO) was also reported as a gold adhesion layer [3] .
The effect of the adhesion layer on the electronic properties has been extensively studied [4] . However few works have been reported on the effect of the adhesion layer of gold based plasmonic structures and devices. In 2008, the influence of metallic adhesion layer was investigated for gold thin films [5, 6] as well as nanodisks [7, 8] . Ref. [7] clearly showed a shift and a broadening of the extinction band because of the chromium. The relative attenuation of the extinction can reach 45% for nanodisks with height smaller than 30 nm, diameter smaller than 150 nm and a Cr adhesion layer of thickness 4nm [8] .
Recently, the effect of adhesion layers of Cr, Ti, Cr 2 O 3 , TiO 2 and ITO on the optical properties of nanostructures has been studied. Plasmon modes of bow ties nanostructures [9] as well as the fluorescence enhancement capabilities of nanoholes in a gold layer were deeply analyzed [10] . These works demonstrated that the field enhancement is larger for dielectric than for metallic adhesion layer.
Ti and Cr adhesion layers were also compared for polystyrene bead trapping by bow-ties [11] . The former showed a better efficiency and trapping stiffness than the latter.
To overcome this disrupting effect of the metallic adhesion layer, dielectric materials are of interest, due to their low absorption of electromagnetic energy. (3-mercaptopropyl) 
trimethoxysilane (MPTMS)
is an alkoxysilane molecule with a thiol functional group termina. This compound is a good candidate as it can be grafted to glass silicate substrate through silanization reaction while establishing strong chemical bonds with gold nanoparticles [12] . Recently, the use of MPTMS during electron beam lithography (EBL) process was reported [13, 14, 15] . The extinction efficiency of nanocylinders deposited on glass with MPTMS and without any adhesion layer were very similar [15] and much sharper than with Ti. Similar nanostructures demonstrated high SERS enhancement capabilities [13] .
The authors experimentally observed an enhancement of the 1200cm -1 band of trans-1,2-Bis(4-Pyridyl)Ethylene (BPE) of one order of magnitude higher than with chromium [13] . In addition the nanocylinders strongly bind to the substrate [16] . This new adhesion layer appears particularly interesting for increasing the nanosensors gain and sensitivity without loss of robustness.
However, to our knowledge, no comparison of MPTMS with other adhesion layers was performed for SERS application. First the aim of this paper is to compare the influence of the adhesion layer on the SERS gain using different adhesion materials: metals (Cr and Ti), oxides (Cr 2 O 3 , ITO and TiO 2 ) and MPTMS. Second, in order to provide further improvements of the SERS efficiency, we aim to give a better understanding of this effect.
Material and method
The cases of the six different adhesion layers are modeled. The SERS nanosensor consists in a square lattice arrangement of 50nm-high nanocylinders, which diameters (Φ) vary from 100 to 200nm with 10nm steps (Fig. 1) . The radius of curvature of the upper corner of each nanocylinder is considered equal to 10nm. The interparticle distance is 200nm. The nanoparticles lay on a glass substrate (N-BK7).
The thickness of the adhesion layer is 2-nm. The numerical modeling was carried out with DDSCAT 7.3 [17] , this code having been proved to be efficient for plasmonic modeling [18] . Geometries are generated by home-made code written in python.
The lattice size of the dipole grid is set to 2-nm because of the memory requirements. This will limit us to adhesion layer thickness of a multiple of 2-nm. In the case of MPTMS, only a molecular layer is deposited onto the glass and the real thickness is lower. The effect of the real adhesion layer is then expected to be lower than the calculated one. A careful comparison of the theoretical results with [13] will then be carried out to assess the validity of the modeling.
The relative permittivities of the different materials are taken from different sources: Au [19] , N-BK7
for Schott database, Cr and Ti from Sopra database, Cr 2 O 3 [9] , TiO 2 [20] , ITO [9] , and MPTMS [20] .
The calculations are performed with the high performance computing facilities of Pôle de Calcul
Intensif pour la Mer [21] .
In all cases, the extinction efficiency (Q ext ) is calculated [17] as well as the mean of the electric field intensity (E mean 2 ) in a 2-nm thick shell around the upper part of the particles, excluding the glass substrate ( Figure 1b ). The mean of electric field intensity is calculated to predict the SERS signal. The SERS (g) signal is considered as proportional to the product of mean electric intensities at the laser and Raman lines:
The computation of the electric field requires the relative permittivity of the six adhesion layers, noted  r and plotted on figure 2. 
Results
The calculated extinction spectra for 128nm diameter nanocylinders are plotted on figure 3 for the six adhesion layers. The modification of the layer only induces a slight shift of the position of the extinction band with regard to each other (spectral shift lower than 30 nm) as observed experimentally [13] . This is confirmed by the plots on figure 4 that shows the position of the maximum of the extinction efficiency, noted  ext , with regard to the diameter for the six adhesion layers. This shift is due to the relative permittivity of the adhesion layer on the LSPR since the higher is the modulus of Re( r ) the more red-shifted is the extinction band, as observed experimentally [9] and predicted theoretically [8] . The FWHM is of particular interest for SERS applications as it relates to the sensor efficiency. The thinner is the intensity peak, the higher the maximum of the mean of intensity is (Eq. (1)).
For the six materials the FWHM increases ( Figure 6 ) with the diameter of the nanocylinder as the radiation damping is expected to grow with the volume of the nanoparticle [22] . The FWHM rises with Im( r ) as the losses get bigger. For instance, values of 70nm and 92nm are found for 128nm-diameter nanocylinders on MPTMS and Cr respectively. The numerical results are very consistent with experiments [13] equal to 65nm and 98nm for an equivalent diameter.
A broader extinction band leads to a lower field enhancement [13] . It is then expected that nanosensors with a dielectric adhesion layer will lead to the highest enhancement factor. This is confirmed by figure   7 that shows E mean 2 for a 128nm-diameter cylinder for the six adhesion layers. They clearly show plasmon modes, which are slightly shifted with regards to each other. The average electric fields are larger for the dielectric than for metal. For the latter, the higher Im( r ), the lower the enhancement for all the nanocylinder diameter as confirmed by figure 8. Figure 9 represents the maximum enhancement for the six adhesion layers with regards to the imaginary part of their permittivity. The lower the imaginary part, the higher the enhancement is. It is worth noting that the three dielectric materials are not equivalent. The enhancements are higher with MPTMS and TiO 2 than ITO as the latter is slightly absorptive. However, MPTMS appears even better than TiO 2 . This surprising point can be explained by comparing the Re( r ) values. MPTMS has a smaller relative permittivity than TiO 2 .
To illustrate the effect of the real part, the maximum enhancement for the six adhesion layers with regards to the modulus of their permittivity is plotted on figure 10 . It can be clearly noted than the lower | r | is, the higher the enhancement is. Then not only the imaginary but the real part of the relative permittivity of the adhesion layer has to be considered. 
Cr (on the left) and MPTMS (on the right).
To calculate the influence of the adhesion layer on SERS signal, the mean Raman enhancements (eq. 1)
was calculated for Cr and MPTMS as adhesion layer and Raman shifts of 400, 800, 1200, 1600 and 2000cm -1 were calculated, with HeNe as laser source. The corresponding graphs are plotted on figure   11 .
The best enhancement is achieved with nanocylinders of diameter of 150-160nm corresponding to an extinction band located between the laser and the Raman lines as experimentally observed [23, 24] .
The larger the Raman shift, the larger the diameter maximizing the SERS enhancement. In addition, the smaller the Raman shift is, the higher the field enhancement is as both the laser line and the Raman lines get closer to the maximum field.
The enhancement value is two times lower than the experimental value measured by Shen et al [13] .
This discrepancy may come from thickness difference between numerical modeling (2nm because of the dipole grid lattice parameter) and experiment (3nm).
The same calculation with TiO2 showed a Raman enhancement of 10% compare to MPTMS (data not shown) implying that this new adhesion layer demonstrated the best performance for SERS detection.
Discussion:
To conclude on how to choose the adhesion layer, the effects of the real and the imaginary parts have to be discussed. First, chromium reduces the mean field enhancement by 2.5-fold compare to MPTMS for nanocylinder of diameter of 128 nm, whose resonance wavelength is about 610 nm. Only 2nm thick adhesion layer strongly affects the plasmon. Maps of the near field around a nanoparticle in the case of
Cr and MPTMS are plotted in figure 12 . It can be clearly seen that the electric field amplitude is much higher at the bottom than at the top of the nanoparticle. This was observed by Schatz and co-workers as well with silver tetrahedron [25] . At this particular location, the electric field is the superimposition of the evanescent wave associated to the Fresnel reflection at the substrate interface and the scattered wave. We assume that this hot-spot comes from the interference of these two waves.
Therefore both the electromagnetic energy and the local absorption of light are confined near the adhesion layer that plays a critical role in the whole system. This is consistent with the work reported by Jiao and co-workers on bow-ties [9] in which the absorptive layers diminished twice the field amplitude at the bottom of the nanostructure as much as at the top. To understand the effect of the real part, the different dielectric materials have to be considered. To
understand how the effect of a dielectric adhesion layer may change the enhancement of the electric field we first check if it comes from a global change of the permittivity of the nanoparticle or not.
Figure 13: Q-factor of nanospheres of a mixture of gold and adhesion layer material.
To assess this assumption, the nanoparticles in the quasi-static hypothesis were modeled. For a given shape the resonance condition then depends only on the permittivity of the different materials [26] and not on the size. Then, the Q-factor is very sensitive to relative permittivity change. In addition, in the case of quasi-static nanoparticle, the Q factor is directly related to the near-field enhancement [27] . The material of the nanoparticle is considered as a mixture of gold and the adhesion material in the same volume proportion as the gold nanocylinder and the sticking layer. The permittivity was calculated using the Bruggeman model as [28] to calculate the effect of aluminium oxide on the aluminium nanoparticle properties. In this hypothesis, we consider spherical particles. The quality factor of the nanoparticle is plotted on figure 12 . It was calculated as suggested in [27] :
where ω is the pulsation.
The quality factor increases from Cr, Ti, Cr 2 O 3 , ITO to TiO 2 and MPTMS respectively ( Figure 13 ). The quality factors of small nanoparticles are much more affected by a change of the permittivity. A five folds increase is calculated when using TiO 2 and MPTMS instead of chromium. TiO 2 and MPTMS show similar quality factor. Therefore the difference calculated by discrete dipole approximation does not come from a global permittivity change of the nanoparticle but from a local effect.
On the other hand, a paper studying the effect of the adhesion layer on delocalized SPR generated in thin films [29] demonstrates that the electric field enhancement does not change significantly when using TiO 2 and MPTMS even for thickness as large as 200nm.
The different behavior of TiO 2 and MPTMS then comes from the nanostructuration of the adhesion layer. The nanodisks formed by the adhesion layer scatter the incoming light before reaching the gold nanoparticle, which leads to a decrease in the efficiency of the plasmon coupling. We then assume that the highest enhancement is achieved when the refractive index of the adhesion layer matches that of the glass.
The modeling takes only into account the electromagnetic contribution. As we saw, the maximum enhancement is located at the bottom part of the nanocylinder. Then the interaction of the adhesion layer with the molecule is located at the hot-spot. The chemical role of this layer might be a very efficient mean of increasing the sensitivity of SERS sensors. For instance, higher hydrophobicity of MPTMS than other linker was demonstrated an efficient way of concentrating molecules for increasing the sensor sensitivity [12] .
Conclusions
In this paper, the far-field and the near-field response of gold nanocylinders in a square lattice arrangement were compared for six adhesion layers of different materials. The FWHM of the extinction band depends on the imaginary part of the relative permittivity while the position depends more on the real part of the relative permittivity of the adhesion layer. It was then showed that the fieldenhancement is determined not only by the imaginary part but also by the real part. We found that the best enhancement is achieved when using dielectric material of permittivity close to that of the glass substrate. Absorptive materials reduce strongly the field enhancement whereas the MPTMS appeared as the best dielectric layer for SERS enhancement. The effect of the adhesion layer is particularly important as it is located at the bottom of the nanoparticle where the electric field is the highest.
Moreover this location open new prospects as molecular layers were proven efficient for concentrating molecules to be detected.
